Vibrational circular dichroism (VCD) has been used in recent years to determine the absolute configuration of a number of natural product chiral molecules. In this brief review, these applications will be described and the methodology of VCD determination of absolute configuration (AC) will be explained. The principal advantages of VCD versus X-ray crystallography for absolute configuration determination are: 1) only solution-state samples are needed and therefore single crystals are not required, 2) high enantiomeric sample purity is not required, 3) high chemical purity is not required as long as impurities are not chiral and 4) solution-state conformations are obtained as an extra feature of the AC determination.
Vibrational optical activity (VOA) [1] [2] [3] [4] [5] occurs in two principal forms, infrared vibrational circular dichroism, known as VCD, and vibrational Raman optical activity, known as ROA. In recent years, particular attention has been devoted to the methodology of the determination of absolute configuration (AC) in chiral molecules using VCD [6] [7] [8] [9] [10] . ROA has also been used for the determination of AC [11, 12] , but its utilization currently lags behind that of VCD for reasons of relative ease of use.
The method for the determination of AC using VOA is one of comparing the results of a solution-phase measurement of the VOA spectrum of a chiral molecule to the results of an ab initio or density function theory (DFT) calculation of the structure of the molecule using an AC of choice for the calculation. If the major bands of the measured and calculated VOA spectrum agree in relative magnitude and sign, then the AC chosen for the calculation is the same as that of the sample measured. If the relative magnitudes agree, but the signs are opposite, then the AC of the sample is the opposite of that chosen for the calculation.
In this review, the spectroscopic definitions of VCD and ROA are provided and the instrumental and theoretical methodologies are introduced that are needed to make detailed comparisons between measured and calculated spectra. ROA is included in these introductory sections, but since it has not yet been applied to determine the absolute configuration of a natural product molecule, the main body of the review is focused on VCD spectroscopy. The aim here is to gather, in one place, papers that have been published recently that demonstrate the utility of VCD as a new stereochemical tool for the assignment of AC in chiral natural product molecules. Several of these papers include contributions from the laboratory of Professor Pedro Joseph-Nathan, whose research in natural product chemistry is highlighted in this special issue dedicated to his many accomplishments.
Definitions of VOA
There is only one form of VCD. It is defined as the difference between the absorbance of a chiral molecule for left circularly polarized (LCP) versus right circularly polarized (RCP) radiation 
where the molar absorptivity is defined in terms of the sample pathlength b and concentration C.
was first measured in 1974 [13] and confirmed in 1975 [14] .
In contrast to VCD, ROA has four distinct forms. These are given by the definitions: 
Incident circular polarization ROA (ICP-ROA) is the original form of ROA, first measured in 1973 [15] and confirmed in 1975 [16] , in which the difference in Raman intensity for RCP versus LCP incident radiation states is measured while using a fixed, nonelliptical polarization state α for the scattered radiation. Scattered circular polarization ROA (SCP-ROA), first measured in 1988 [17] , is the difference in Raman intensity for RCP versus LCP scattered radiation while using a fixed, non-elliptical, incident polarization state α. SCP-ROA is the form of ROA used in commercial ROA instruments. Two new forms of ROA, predicted in 1989 [18] and measured a few years later [19, 20] , are called dual circular polarization in-phase and out-of-phase ROA (DCP I -ROA and DCP II -ROA) which, as seen in Eqs. (7) and (8) , are differences in Raman intensity using both incident and scattered circular polarization states in the same measurements.
VOA instrumentation
The first dedicated VCD spectrometer brought to market was the ChiralIR from Bomem/BioTools, Inc. in 1997. Today, Thermo-Electron, Bruker, Jasco and BioTools offer either VCD accessories or stand-alone instrumentation. Virtually all VCD spectrometers are Fourier transform (FT) VCD instruments. Currently, the only operating scanning dispersive VCD instruments are used for biological applications in the mid-IR region [21] . In the FT-VCD method, first achieved in 1979 [22] , a photo-elastic modulator (PEM) operating at high frequency is placed before the sample in an FT-IR spectrometer to modulate the polarization of the infrared (IR) beam between LCP and RCP states. IR and VCD spectra are measured simultaneously across a broad range of frequencies with all the high-throughput and multiplex advantages associated with FT-IR spectroscopy. More recent advances in FT-VCD instrumentation include dual-PEM [23] for baseline stability and artifact suppression, dual source [24] for enhanced signal-to-noise ratio and spectral extension into the near-IR region as far as 10,000 cm -1 [25, 26] , all of which are available commercially only with the ChiralIR spectrometer.
There is only one source of commercially available ROA spectrometers, the ChiralRAMAN SCP-ROA spectrometer from BioTools, based on the design of Werner Hug [27, 28] . All but a few currently operating ROA spectrometers are now SCP-ROA instruments, the others, home-built, operate as ICP-ROA instruments [29, 30] . The ChiralRAMAN operates in SCP mode by first completely depolarizing the incident laser radiation, followed by simultaneous collection of RCP and LCP scattered radiation and imaging these separate intensities on the upper and lower parts of a multi-channel charge coupled device (CCD) detector. Addition of these two sets of intensities yields the parent Raman spectrum, while subtraction yields the desired SCP-ROA spectrum.
VOA Software
Gaussian Inc. has pioneered the commercial availability of software for calculating VCD spectra from quantum mechanical ab initio or density functional theory (DFT) programs since Gaussian 94. These programs implemented the magnetic field perturbation (MFP) theory of VCD intensities conceived and implemented by Stephens [31, 32] and derived independently by Buckingham and Galwas [33, 34] . The MFP approach was extended by Stephens, in collaboration with Frisch and Cheeseman, a decade ago to gauge-invariant DFT theory, and this has become the standard method for the theoretical calculation of VCD spectra. The latest releases of Gaussian 03 also contain software for calculating ROA intensities [35] . Other programs are available that contain VOA software programs, such as Dalton or CADPAC, but these are less userfriendly or less tested than commercially available programs.
The Amsterdam Density Functional (ADF) program package recently announced its initial commercially available software for calculating VCD intensities.
VCD absolute configuration determination
The determination of the AC of a chiral molecule typically is carried out by comparison of the measured IR and VCD spectra of the sample molecule with the corresponding calculated IR and VCD spectra. This comparison requires experimental considerations to obtain the measured spectra and theoretical considerations to obtain the calculated spectra.
Measured IR and VCD spectra. To obtain the measured IR and VCD spectra, the following steps are required: 1) Determine the solvent and pathlength necessary to obtain an IR spectrum in the frequency range from approximately 1000 to 1800 cm -1 , with an average IR absorbance intensity, A, of approximately 0.5. In some cases, some regions may have to be measured separately to achieve an appropriate level of absorbance so as to not have too small (<0.1) or too large (>1.0) a value. 2) Measure and calibrate the VCD spectrum in absorbance units.
If both enantiomers are available, subtracting their VCD spectra and dividing by 2 provides the best baseline correction. The next best is subtracting the VCD spectrum of the corresponding racemic mixture. If neither of these options is available, then correction of the baseline with the VCD spectrum of the solvent should be carried out. 3) Convert both the IR and VCD to molar absorptivity units and plot in stack mode, say VCD above the IR, on the same wavenumber frequency scale. Plotting in this manner allows visual correlation between IR peak features and VCD peak features. 4) A VCD noise spectrum can be included if desired.
It is common for VCD spectra to be measured using a cell with either CaF 2 or BaF 2 windows. CaF 2 transmits to 1200 cm -1 , which is adequate for aqueous solutions, while BaF 2 provides coverage to 800 cm -1 , which is a common lower frequency limit for the HgCdTe detector used for VCD measurements. More common salt windows, such as NaCl or KBr could be used, but they require greater maintenance due to fogging from atmospheric water vapor and the additional spectral coverage they provide is not normally used for VCD measurements.
Calculated IR and VCD spectra. The calculation of the IR and VCD spectra begins with a thorough analysis of the conformational freedom of the molecule.
This involves exploring the entire conformational energy surface of the molecule and carrying out molecular mechanics calculations of the relative energies of conformers found in the various local minima on this surface. Molecular mechanics programs are available from a variety of commercial sources, such as the Spartan program from Wavefunction Inc., Hyperchem from Hypercube, Inc., MacroModel from Schrodinger, Inc., and Gaussian 03 from Gaussian Inc. If it can be determined that only a single conformer is populated under the experimental conditions, the analysis can proceed directly to the calculation of the final IR and VCD spectra. If more than one significant local minimum is identified, then all conformers within roughly five or so kcal/mole of the lowest energy conformer are kept for further energetic analysis using higher level programs, such as semi-empirical, ab initio, or DFT for choices of basis sets, or in the case of DFT, functionals and basis set.
Following geometry optimization, IR and VCD spectra are calculated with VCD software, such as Gaussian 03, for each conformer that will make a significant contribution to the measured IR and VCD spectra based on an estimated Boltzmann population distribution. Typical calculations employ DFT with a suitable hybrid functional, such as B3LYP or B3PW91, and a basis set at the level of 6-31G(d) or higher. Higher level basis that have been used for VCD calculations include TZ2P and cc-PVTZ. The calculated intensities for each band are convolved with a Lorentzian lineshape, usually with a bandwith in the range of 6 cm -1 , and summed to produce calculated spectra in units of molar absorptivity that can be compared directly with the corresponding measured IR and VCD spectra. These steps are now described in more detail.
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The output of quantum mechanical calculations of IR absorption and VCD are given by the dipole strength D i for IR intensities and the rotational strength R i for VCD intensities for each normal vibrational mode i.
where µ i is a vector representing the electric dipole transition moment of the molecule and m i is the corresponding magnetic dipole transition moment. The absolute square of a vector, the square of its length, given in the expression for D i is always positive, whereas the scalar dot product of µ i and m i can be either positive or negative depending on whether these vectors are pointing roughly in the same or opposite directions. The conversion from a set of dipole or rotational strengths to a full IR or VCD spectrum is given by the expressions 39 ( ) ( ) 9.184 10
where the lineshape function is typically a normalized Lorentzian function with a width γ i for each vibrational mode i and is given by
Comparison of the individual conformer IR and VCD spectra with the observed spectra often leads to the identification of the one or two most important conformers, usually those with the lowest calculated energies. The calculated normal mode frequencies are typically scaled by a factor in the range of 0.97 and 0.98 to compensate for the fact that the calculated frequencies are based on a harmonic force field, whereas the observed frequencies arise from an anharmonic force field. In addition, solvent effects lead to further frequency differences, and sometimes mode-order differences. In some programs solvent effects can be included in the geometry optimization.
After the IR and VCD spectra of the contributing conformers have been calculated, they are weighted by their fractional Boltzmann population and summed to produce the final calculated IR and VCD spectra. Analysis of these begins with an assignment of the measured IR spectrum. If the calculated normal modes are numbered from the lowest to the highest frequencies, corresponding numbers can be assigned to the measured IR spectrum based on the frequencies and relative intensities of the bands. This process is more straightforward for the IR spectrum than for the VCD spectrum since all the bands are positive in the IR absorbance spectrum and there is no intensity cancellation like there can be in the VCD spectrum where juxtaposed bands of opposite sign can reduce intensities and change the location of spectral peaks.
Once the IR spectrum is assigned, the same numbers can be used to correlate the measured to the calculated VCD spectra. At this stage, it is now possible to determine if the enantiomer chosen for the VCD calculation is either the same or the opposite of the enantiomer in the sample used for the measured VCD spectrum. If the correspondence is not yet clear, further theoretical analysis is needed to consider a variety of factors, such as solvent effects, intermolecular interaction, such as dimerization, the use of improved basis sets, and alternative hybrid density functionals. The most serious possible problem, aside from dimerization, is that an important conformer has been overlooked in the conformational analysis. This latter possibility, and the fact that the VCD from individual conformers can be significantly different from one another, owing to the extreme sensitivity of VCD to molecular conformation, reinforces the importance of a careful conformational analysis at the outset of the theoretical analysis. A corollary to this statement is that every assignment of AC by VCD includes either a determination of solution-state conformation or solution-state population of the principal conformers of the chiral molecule in question. This additional information is not available from a determination of AC using X-ray crystallography.
If desired, dipole and rotational strength values for the measured IR and VCD spectra can be obtained and compared to the calculated dipole and rotational strengths. This is accomplished by first fitting the IR spectrum with a set of Lorentzian line shapes such that each IR band ( ) ε ν i is associated with a Lorentzian band of a given center frequency ν i and spectral width. The area under the band is related to the dipole strength by the expression 39 0 9.184 10 ( )
This is just a mathematical inversion of Eq. (10) with support from Eqs. (12) and (13) . Using the same Lorentzian band positions and widths determined for the IR spectrum, the VCD is fitted and the rotational strengths can be extracted in the same way using 39 0 9.184 10 ( )
Given a set of experimental and calculated rotational strengths, a plot of calculated versus measured rotational strengths can be constructed such that a perfect fit corresponds to all points lying along a line of slope +1, if the same enantiomer was calculated as was measured in the sample. If the opposite enantiomer was calculated with a perfect fit, the points in the plot would lie along a line of slope − 1.
From such a plot, the quality of the fit of the measured to the calculated VCD data can be ascertained visually. This method of AC quality assessment has been advocated by Stephens. [36] [37] [38] . From such rotational strength correlation plots statistical measures such an R 2 coefficient of determination value can be obtained for both slope equal to +1 and − 1 to aid in the level of confidence associated with an assignment of the absolute configuration. The use of statistical measures of comparison of measured and calculated rotational strengths of selected major VCD bands has been reported by Minick [39] .
The methods of assessing the quality of an assignment of AC by VCD band correlation require 1) assigning measured VCD bands to calculated bands, 2) fitting the selected, measured VCD bands to determine their area and individual rotational strengths, and 3) plotting the calculated versus measured rotational strengths and/or calculating R 2 coefficients, as described above. Steps 1) and 2) are time consuming and require user judgments. An alternative method, in which a quantity called the enantiomeric similarity index (ESI) is calculated, has been developed to assess numerically the degree of similarity between a measured and calculated VCD spectrum without either spectral assignment or band area determination [40] . The ESI is a spectral similarity measure that correlates two sets of spectra with bands at shifted locations. An analysis using the ESI of 21 different chiral molecules has been presented in the Ph.D. thesis of Kuppens [41] . While the results are promising, further work is needed to establish an overall level of reliability.
Even though there is currently no universally accepted standard for assessing the statistical confidence in the assignment of AC using VCD, it can be said that after literally hundreds of such assignments, there are no cases where a conflict exists between a thorough VCD analysis leading to a prediction of AC with the determination of AC by other methods, such as X-ray crystallography. In fact, VCD has been used to uncover errors in the assignment of AC by other methods, including X-ray crystallography [42] .
VCD determination of AC in natural products
The modern era in the determination of AC using VCD began roughly ten years ago with commercial availability of software for gauge-invariant DFT VCD calculations and instrumentation for VCD measurements. Among the first studies carried out to test the accuracy and reliability of the DFT algorithms and to establish minimal requirements for basis sets and hybrid density functionals featured the monoterpene natural product molecules camphor and fenchone [43, 44] and α-pinene [45] . The purpose of these studies was to demonstrate the reliability of the commercial FT-VCD instrumentation and DFT-VCD software for accurate spectral simulation, and to compare these results to prior theoretical methods, such as ab initio Hartree-Fock and post-Hartree-Fock methods. Although these studies were invaluable, their purpose was not to determine the AC of these molecules.
In the following subsections, papers are briefly described that, for the most part, featured the use of VCD to assign AC in natural product molecules where the determination of the AC had not been unambiguously determined and was, therefore, the principal goal of the paper. Such applications have increased dramatically in the past few years as the power of VCD for AC determination has been more broadly recognized. The coverage of these papers, in rough chronological order, is aimed at the motivation and structural types of molecules being investigated and not per se on the specific methodology used to determine the AC.
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Gossypol. One of the first natural product molecules subjected to AC determination by VCD was gossypol [46] , which is extracted from the seeds of cotton plants (Gossypium spp., family Malvaceae). Gossypol has attracted considerable interest due to its therapeutic action inhibiting the maturation of human sperm and, therefore, its potential use as a male contraceptive, where (-)-gossypol is the more potent enantiomer. The absolute configuration of gossypol rests on its axial chirality, M or P, of its symmetric dimer structure, shown in Figure 1 . Crystals suitable for X-ray crystallography were not readily available owing to tautomeric structures and internal hydrogen bonding interactions. In nature, gossypol occurs in various proportions as a mixture of enantiomers in which, for all species except G. barbadense, (+)-gossypol is found in enantiomeric excess. Until just prior to this publication, gossypol could only be separated into pure enantiomers after synthetic derivatization, which left open the question of whether the derivatization step reversed the state of axial chirality. Following the availability of natural gossypol in enantiomerically pure form, measurements of the IR, VCD and VCD noise level were carried out for both enantiomers, as shown in Figure 2 . From the high level of mirror-symmetry (equal and opposite VCD intensities) of the solventcorrected VCD spectra for the two enantiomers, it can be seen that more accurate baseline correction by subtracting the VCD of the two enantiomers is not necessary. The VCD noise spectrum demonstrates an additional level of confidence in individual features seen in the VCD spectra.
Theoretical calculations were carried out that yielded the identification of three principal conformers corresponding to the relative orientations of the two aldehyde groups in each half of the dimer. IR and VCD calculations were carried out for each conformer at the DFT/B3LYP/6-31G(d) level. In Figure 3 , the conformer spectra, weighted by relative energies, have been combined in a Boltzmann distribution to produce the comparison of measured to calculated IR and VCD spectra. From this comparison it is clear that the absolute configuration of (+)-gossypol corresponds to the P-enantiomer, and hence the assignment of AC for gossypol is (+)-Pgossypol. Figure  4 [47] . These compounds are stress-induced, cruciferous, phytoalexin metabolites first isolated from Pseudomonas cichorii inoculated cabbage species (Brassica oleracea) as minor phytoalexin metabolites. The family Cruciferae includes Arabidopsis thaliana, which is the first plant to have its genome completely sequenced. As a result, cruciferous phytoalexin metabolites have significance in relation to the study of a plant's biochemical defense mechanism, and hence their AC is of considerable interest. Cyclosporins. Cyclosporins are naturally occurring 11-membered cyclic peptides having a variety of medicinal uses. As of 2003, twenty-five cyclosporins (CsA to CsZ, excluding CsJ) had been isolated from Tolypocladium inflatum and Cylindrocarpum lucidum. The IR and VCD spectra in the amide I region for CsA, C, D, G and H, both free and complexed to magnesium, have been recorded in CDCl 3 [48] . The structures of these molecules are depicted in Figure 5 . The purpose of this study was to simulate the internal hydrogen bonding structure of these molecules and correlate the VCD intensity contribution from each of the 11 amide groups to the observed amide IR and VCD spectra. Theoretical calculations were carried out for three overlapping fragments of these molecules modeled with alanyl side chain residues, each of which was stabilized by intramolecular hydrogen bonding using DFT at the BPW91/6-31G(d) level. The optimized structures conformed closely to the overall structure of CsA determined by X-ray crystallography. Summing the VCD contributions of the 11 peptide groups yielded a spectrum in close agreement with the experimental one giving insight into the origin of the measured VCD spectrum and confirming the solution-state structure of cyclosporin molecules in chloroform.
Pexiganan. Pexiganan is a 22 amino acid peptide that was studied in the laboratory of Prasad Polavarapu with VCD spectroscopy [49] . This molecule is an analogue of the magainin family of antimicrobial peptides found in the skin of the African clawed frog.
As in the case of the cyclosporins just discussed, the principal aim of this study was to identify conformational preferences of this molecule. It was found that pexiganan appears to adopt an α-helical conformation in trifluoroethanol, a sheet-stabilized β-turn structure in methanol, a random coil with β-turn structure in D 2 O, and a solvated β-turn structure in dimethylsulfoxide. Figure 6 ) is a bioactive, sesquiterpene, bisabolene-type sponge metabolite that has been isolated from a wide variety sources. The focus of this determination of AC using VCD was dimers of curcuphenol (Figure 7) , discovered and isolated from the marine sponge Didiscus aceratus [50] . The isolated dicurcuphenols 6 and 7 are dimers of (S)-(+)-curcuphenol having opposite axial chirality about the carbon-carbon dimeric bond axis connecting atomic centers 4 and 2'. The axial chirality of the dimers was assigned using VCD in the following way. First, the VCD of the monomer was measured as shown in Fig 8. This was followed by the measurement of the IR and VCD of the dimer 6. Calculations were carried out using the model structures shown in Figure 9 that contained the axial chirality of the dimer, but without the chiral side chain characteristics of the VCD of (S)-(+)curcuphenol (5) .
Curcuphenol dimer. (S)-(+)-curcuphenol (
Finally, the measured IR and VCD of dicurcuphenol (6) minus the corresponding IR and VCD of (S)-(+)curcuphenol (5) were compared to the calculated VCD of the (P)-8 model compound shown in Figure  10 . The very close agreement between the observed difference VCD and the calculated VCD from the model compound allows the identification of the axial chirality of the dimers of (S)-(+)-curcuphenol to be P-6 and M-7. The success of this analysis hinged on the relative independence of two sources of VCD intensity in the dicurcuphenols, namely the side-chain chirality and the dimeric axial chirality. 
Nyasol and hirekiresinol.
The two natural norlignans, nyasol (9) and hirekiresinol (10) have been isolated from a number of natural sources, including Asparagus africanus, and possess the typical C 6 C 5 C 6 backbone structure shown in Figure  11 . The AC of (+)-nyasol (9) was determined to be S using VCD, which in turn allowed the absolute configuration of ( − )-hirekiresinol (10) to be assigned as S owing to their synthetic and stereochemical relationship as E-stereoisomers [51] . This work has cleared up ambiguities in the literature regarding the absolute configuration of these molecules. The principal challenge in determining their AC is the large number of low-energy conformers populated at room temperature. This not only complicates the theoretical analysis, but also reduces the magnitude of many bands in the VCD spectrum, as the result of cancellation of VCD intensities of opposite signs from different conformers. VCD measurements were carried out for (+)-9, isolated from Asparagus africanus, as a solution of 5 mg in 100 μL of DMSO-d 6 . The solution was measured with a 100 micron pathlength BaF 2 cell at 8 cm -1 spectral resolution. Conformational analysis was initiated using the MarcroMol systematic torsional search (SUMM) program with a window of 20 kcal/mol. This was followed by geometry optimization using the MMFF molecular mechanics program to generate candidate structures for DFT calculations. DFT calculations at the B3LYP/6-31G(d,p) and B3LYP/aug-cc-pVDZ levels were carried out for S-nyasol. The same eight conformers were identified with both basis sets to be within 2.1 kcal/mole of the lowest energy conformer, and these conformers were used for the Boltzmannweighted VCD calculations. It was found that for certain vibrational modes, a similar VCD was obtained for the lowest energy conformers, and spectral regions containing these modes were used as the primary basis for the assignment of the ACs.
Brominated sesquiterpenes. Majapolene B (R=H) (11) and acetylmajapolene B (R=Ac) (12) , shown in Figure 12 , isolated from the red algal genus Laurentia, have been analyzed by VCD and their ACs have been reported from the laboratory of Kenji Monde [52] . These molecules are members of an abundant class of halogenated marine natural products, many of which show strong cytotoxicity to mammalian cells and potent antimicrobial activity against multi-resistant bacteria. VCD measurements were carried out for chloroform solutions of 11 and 12 with a spectral resolution of 8 cm -1 . Conformation searches were conducted for both molecules using a molecular mechanics MMFF94S program. In each case, six conformers were selected for further analysis at the DFT/ B3PW91/6-31G(d,p) level. It was found in the case of 11 that two conformers comprised 83% of the calculated Boltzmann population. In the case of 12, all six conformers were carried forward to IR and VCD calculations in a Boltzmann weighted average. It was concluded on the basis of comparison between measured and calculated IR and VCD spectra that the ACs are ( − )-(7S,10S)-11 and ( − )-(7S,10S)-12.
Endoperoxides. In a subsequent paper, this same research group determined the AC of two diastereomeric endoperoxide derivatives of acetylmajapolene A, (1a and 1b, Figure 13 ) [53] . These molecules were also isolated from Laurentia species. This study was the first determination using VCD of the AC of endoperoxidases, a class of widely occurring natural product molecules. The same methods as those used for the AC determination of majapolene B, described above, were used for the VCD measurements and calculations. The first eluted compound (13) from the liquid chromatography column, CHIRALPAK IA, was assigned the AC (1R,4R,7S,10S)-13 and the second eluting diastereomer as (1S,4S,7S,10S)-14. Optical rotations of these molecules were not reported. Hydrohyoscyamines. The tropane alkaloid known as anisodamine, or 6β-hydrohyoscyamine, has been isolated from a number of natural sources such as species of Physoclaina, Scopolia, Duboisia and Datura. In a recent VCD study from the laboratory of Pedro Joseph-Nathan, the ACs of two diastereomers of 6β-hydrohyoscyamine, 15 and 16 (Figure 14) , were determined for which stereochemical assignments in the literature were ambiguous [54] . The samples used for VCD measurements were prepared synthetically, but had identical 1 H and 13 C NMR spectra and specific optical rotations as the samples obtained from natural sources. Conformational searches were carried out using MMFF94 molecular mechanics. DFT calculations at the level B3LYP/6-31G(d) were used to determine the IR and VCD spectra of the eight most stable conformers. Comparison of Boltzmann weighted calculated VCD spectra to measured VCD spectra of these molecules resulted in the AC assignments (+)-(3R,6R,2′S)-6βhydrohyoscyamine-15, and
Verticillane diterpenoids. The verticillanes are of particular interest due to their role in the biosynthesis of taxanes. The use of VCD spectroscopy to determine the AC of verticilla-3E,7E-dien-12-ol (17), as shown in Figure 15 , was undertaken in the laboratory of Joseph-Nathan to remove ambiguities in the literature regarding 1 and related molecules [55] . A sample of (+)-17 was isolated from Bursera suntui and the VCD spectrum was measured. Theoretical calculation of the VCD spectrum was carried out after a full exploration of the conformational energies using Monte Carlo molecular mechanics followed by geometry optimization with DFT using the B3LYP functional and 6-31G(d,p) basis set. Subsequently, VCD intensity calculations were carried out at the DFT/B3LYP level with 6-31G(d,p) and DGDZVP basis sets. Three lowest energy conformers were identified, corresponding to a single ring structure and three rotomers of the OH group. Comparison with the measured VCD spectrum afforded assignment of the AC as (+)-(1S,11S,12S)-17. The establishment of this then permitted confirmation of the ACs of structurally related verticillanes isolated from other natural sources.
Eudesmanolides. The AC of a series of nine C-15-functionalized eudesmanolides isolated from Mikania campanulata has been reported by Krautmann et al, in collaboration with Joseph-Nathan [56] . The ACs of these molecules were assigned by determination of the AC of 18 (Figure 16 ) by comparison of the measured and calculated VCDs. A total of 40 conformers of 18 were identified by a Monte Carlo search using an MMFF94 molecular mechanics routine, followed by optimization at the DFT/B3LYP/6-31G(d) level with Spartan '04 software.
Of these 40 conformers eight were identified within 1.6 kcal/mole of the lowest energy conformer.
These eight conformers comprised 94.5% of the Boltzmann population distribution. The eight conformers were further optimized using Gaussian 03 at the DFT/B3LYP/6-31G(d,p) level and a Boltzmann weighted VCD spectrum was calculated.
Comparison of calculated and measured VCDs yielded the AC assignment of (+)-(1S,4S,5S,6S,7S,10R)-18. Schizozygine. The absolute configuration of (+)schizozygine (19) , isolated from Schizozygia caffaeoides, was determined by comparison of experimental optical activity measurements and DFT calculations [37] . This paper, from the Stephens laboratory, represents the first concerted use of optical rotation (OR) and electronic circular dichroism (ECD) and VCD to identify the AC of a natural product molecule not previously reported. Time-dependent DFT (TDDFT) was required for the OR and ECD calculations, whereas DFT is used for VCD calculations. The structure of schizozygine is shown in Figure 17 . Conformational analysis Cytotoxic sesquiterpenes. The AC determinations of the four closely related cytotoxic sesquiterpenes quadrone (20) , suberosenone (21) , suberosanone (22) and suberosenol A acetate (23) ( Figure 18 ) have been reported from the laboratory of Philip Stephens [57] . This study, as well as two additional reports reviewed below, resulted in AC determinations using measurements and calculations of three different optical activity methods, namely OR, ECD and VCD. Sesquiterpene 20 was isolated from the fungus Aspergillus terreus and its AC was determined by X-ray crystallography in 1978 to be ( − )-(1R,2R,5S,8R,11R)-20.
Subsequently, three additional members of this class of molecules were isolated from marine gorgonians, 21 from Subergorgia suberosa and 22 and 23 from Isis hippuris, and in none of these cases were the ACs determined. For each of these four molecules, it was found through detailed conformational analysis that they are structurally rigid and present in solution as only one principal conformer. VCD calculations were carried with DFT using both B3LYP and B3PW91 functionals and TZ2P basis sets. OR and ECD calculations were carried out using TDDFT using B3LYP functionals and aug-cc-pVDZ basis Plumericin and isoplumericin. In a similar study from the Stephens laboratory to that described for schizozygine, the AC of (+)-plumericin (24) and (+)-isoplumericin (25) isolated from the plant Plumeria rubra were assigned to clear up confusion in the literature [38] . An earlier ECD analysis reached the conclusion that a revision of the previously determined AC of this family of molecules was required. The current study of 24 and 25, with structures given in Figure 19 , used the three-fold concerted approach of OR, ECD and VCD and concluded that the previous ECD assignment was not correct and that revision in the AC of this molecule was needed. The methodology used for conformational analysis, geometry optimization and OR, ECD and VCD calculations was the same as that described above for schizozygine and the sesquiterpenes. The ACs determined in this way were (+)-(1R,5S,8S,9S,10S)-24 and (+)-(1R,5S,8S,9S,10S)-25. These AC determinations permit the AC of other iridoid natural products to be made by structural correlation. 
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Prismatomerin. In a study closely related to that of plumericin and isoplumericin just described, the AC of the new iridoid antimicrobial natural product ( − )-(1R,5S,8S,9S,10S)-prismatomerin (26, Figure   20 ) has been assigned by the Stephens group using VCD [36] , while its isolation, structure and cytotoxity, as well as its AC, were reported separately by Krohn [58] . The optical rotation of ( − )-prismatomercin isolated from Prismatomeris tetrandra is the opposite to that of the naturally occurring (+)-plumericin and (+)-isoplumericin, even though it possesses the same sterogenic core structure. Thus, it was initially suspected that ( − )-prismatomercin had an opposite AC and hence originated from a different biosynthetic pathway. To avoid intermolecular associations arising from the hydroxyl group of 26, the VCD measurements and calculations were carried out for the O-acetyl derivative (26a, not shown) of 26. The methodology used for the AC assignment of 26a, and hence 26, employed IR and VCD spectra only, and followed the procedure of Monte Carlo conformational search using MMFF94 molecular mechanics, geometry optimization and then energy ordering of conformers using DFT at the B3LYP/6-31G(d) level. This was followed by re-optimization of the 12 most important conformers at the DFT levels B3LYP/TZ2P and B3PW91/TZ2P. Comparison of measured and calculated IR and VCD were presented for the case of DFT/B3PW91/TZ2P since the best fit was obtained with this method. Statistical plots of measured versus calculated VCD rotational strengths for both enantiomers of 26 were presented demonstrating the unambiguous assignment of the AC of 26. Because prediction of this obtained by correlation with the optical rotation of 26, relative to the optical rotations of the isostructural plumericin molecules was incorrect (same ACs, but opposite optical rotations), the use of assignment of AC by correlation of the sign of the optical rotation is strongly discouraged in favor of an unambiguous analysis by VCD, as presented in this paper. Guaiane. The AC of the guaianolide, 7,10-epoxy-1,5-guaia-3,11-dien-8,12-olide, given in Figure 21 , has been reported from the laboratories of Sylvia Bercion and Thierry Buffeteau [59] . The natural product 7,10-epoxy-1,5-guaia-3,11-dien-8,12-olide (27) , was isolated from Hedyosmum arborescens. In this study, the IR, 13 C-and 1 H-NMR, and VCD spectra were compared to the corresponding calculated spectra of four diastereomers of this molecule selected on the basis of NMR coupling constants. Spectral calculations were carried out at the DFT/B3LYP/6-31G+(p,d) level. The IR and NMR spectra of four diastereomers permitted the identification of a unique diastereomer, and VCD spectral analysis then yielded the AC of this.
Alternamin.
The structure and absolute stereochemistry of the new coumarin, (+)-(S)alternamin (28, Figure 22 ), isolated from Murraya alternans has been reported from the Monde laboratory [60] . This molecule is the first to be isolated from this species having antidote activity against snake venom, a herbal medicine long-used for this purpose. The study is also of interest because of its use of IR and VCD to determine not only the absolute configuration of 28, but also to identify which of several structures, linear 29 and 30 and bent 31, shown in Figure 23 , are associated with 28. 
31
DFT calculations at the B3PW91/6-3G++(d,p) level were carried out for (S)-29, (S)-30 and (R)-31 for 4, 4, and 6 conformers, respectively, from which Boltzmann averaged final IR and VCD spectra were obtained. The comparison of measured and calculated VCDS, shown in Figure 24 below, with similar structural discrimination by IR not shown, demonstrates that VCD/IR methodology can, not only determine the AC of 28, but also its overall structure, when the authors claim NMR spectroscopy cannot readily provide further information. Ginkolides. In a recent study, VCD has been used to assign the AC of ginkolide B (GB) (32, Figure 25 ) isolated from the tree Ginko biloba [61, 62] . Solution-state VCD measurements were carried out using two solvents, CDCl 3 and DMSO-d 6 . DFT calculations were determined at the B3LYP/6-31G(d) level. The comparisons of measured to calculated IR and VCD allowed not only determination of the principal populated solution-state conformations and the AC of GB, but also allowed it to be distinguished from other types of ginkolide isolates, as well as diastereomers of GB. This molecule, with a molecular formula of C 20 H 24 O 10 and with 224 electrons and no symmetry, is among the larger molecules to be assigned AC by VCD analysis. Recently, a related paper has appeared on-line as accepted for publication in which IR and VCD spectra are used to study the interactions of various ginkolides with Aβ peptides [63] . While the aim of the paper is not to determine ACs, the authors employed DFT calculations at the B3LYP/6-31G(d) level to interpret the spectra and address questions related to the degree to which terpene trilactones inhibit aggregation of amyloid peptides.
Summary and conclusions. The basic principles of the application of VCD to the determination of absolute configuration in chiral molecules are described. The steps required for VCD spectral measurement and calculation are first outlined, followed by brief descriptions of papers published in the past few years reporting the determination of AC in natural product molecules.
While X-ray crystallography and NMR are powerful structural tools applicable to structure determination of natural product molecules, each has specific limitations. X-ray analysis requires single crystals of sufficient quality for AC determinations and solutionstate conformations are not available. NMR can be applied to solution-state samples, but it often reports only an average conformation and, without chiral auxiliaries or shift reagents, is blind to chirality. NMR can be used to identify diastereomers when multiple sources of chirality are present in a structure, but cannot distinguish between enantiomers.
In contrast, measured VCD or ROA spectra, in conjunction with quantum mechanical calculations, can provide both solution-state conformational populations and AC determinations without crystallization. Measurements are carried out in the mid-IR region with FT-VCD instrumentation and calculations are typically carried out using DFT with hybrid functionals, B3LYP or B3PW91 and basis sets ranging from 6-31G(d) to TZ2P and cc-pVTZ. Both instrumentation and software are available commercially for VCD and ROA spectral comparisons, thus opening the way for increased use of this new technology in the future, not only for natural product molecules, but for all classes of chiral molecular structures.
As demonstrated in several published papers, VCD is a more accurate and powerful method compared with all previous spectroscopic approaches to AC determination using various forms of optical activity, including ECD and OR. It is clear that optical 32 29 30 31 Nafie rotations of a chiral molecule and a derivative of the molecule can be opposite, even if all stereogenic centers are identical. Thus, making assignments of AC using OR based only on homologous structures should be discontinued in favor of VCD analysis. Furthermore, concerted use of quantum calculations of OR, ECD and VCD compared with measured spectra, while useful as a general approach where practical, provide additional evidence that, of these methods, VCD is the most reliable.
A universal method for assessing the quality of fit of calculated versus measured VCD spectra is not yet available, although work in this direction is ongoing. The method of AC determination advocated by Stephens [37] starts with correlation of the IR measured and calculated bands, followed by the same correlation for the VCD bands. Band fitting of the measured IR and VCD spectra permits plots of measured versus calculated rotational strengths for all assigned bands. This avoids the difficulty that measured and calculated spectra do not have the same frequencies and offers the possibility of calculating statistical measures, such as the correlation coefficient R 2 , for the plots of the measured versus calculated rotational strengths. The alternative approach of enantiomeric similarity index (ESI) developed by Kuppens and co-workers [40, 41] does not require assignments or determinations of experimental rotation strengths, but rather is a spectral overlap integration method using the entire measured and calculated VCD spectra. Establishment of reliable statistical measures for AC determination by VCD would further enhance the growth in the application of this new methodology.
